, the authors note the following. In revising our paper, we inadvertently omitted the following information. The VMH receives input from nociceptive PBsl neurons that produce the neurotransmitter CCK (23) (24) (25) (26) , a peptide that suppresses food intake when injected locally to the VMH. We regret the omission of key papers that established the background for our project and apologize to the authors of those papers. The article by Bjerknes and Cheng (3) that appears in this issue of PNAS introduces us to a ''new'' neighbor that has a significant impact on multipotential intestinal stem cells-the enteric neuron. It also presents a novel paradigm for regulating epithelial proliferation.
Glucagon-like peptide 2 (GLP-2) is produced by enteroendocrine cells-one of four cell types descended from the intestinal stem cell. Previous work had shown that administration of GLP-2 prevents damage or facilitates repair of epithelial abnormalities produced by a variety of entities, from chemotherapy to inflammatory bowel disease. There was also prior evidence that GLP-2 exerted its therapeutic effect by enhancing cell division in the proliferative units of the intestine known as crypts of Lieberkühn. However, neither the mechanism nor the direct cellular targets of GLP-2 were known.
To appreciate Bjerknes and Cheng's results, it is helpful to briefly review the cellular landscape of the cr ypt of Lieberkühn. In adult mice and humans, there is rapid and continuous renewal of the intestinal epithelium. This renewal is driven by a multipotent stem cell that lives at or near the base of these crypts (4). In the small intestine, this stem cell gives rise to absorptive enterocytes plus three types of secretory cells: goblet, enteroendocrine, and Paneth. Paneth cells, which secrete antimicrobial peptides, digestive enzymes, and growth factors, complete their differentiation at the crypt base. The other three epithelial lineages differentiate during a rapid, highly organized upward migration from the crypt to the tips of adjacent villi where they are extruded (Fig. 1A ).
Bjerknes and Cheng had already shown that the multipotent crypt stem cell gives rise to two types of long-lived daughters. One daughter is committed to produce columnar-shaped enterocytes (this daughter was called C o ). The other daughter was designated M o and yields mucus-producing goblet cells (5) . In their report in this issue of PNAS, they use a clever assay, with a great name for those who do gut research (SPASM, specific progenitor assay by somatic mutation), to show that GLP-2 treatment specifically stimulates proliferation of the C o progenitor. In SPASM, mice belonging to the inbred Swiss-Webster (SWR) strain are treated with N-nitroso-N-ethylurea (NEU) to induce mutations in a small percentage of intestinal stem cells or their immediate daughters. SWR mice are Dlb1Ϫ͞Ϫ. It appears that Dlb1 is the same as Galgt2, which encodes an N-acetylgalactosaminyltransferase (6). NEU-induced mutation of Dlb1Ϫ͞Ϫ intestinal epithelial cells to Dlb1ϩ͞Ϫ allows them to acquire the ability to produce carbohydrates containing terminal GalNAc␣(1-3)GalNAc epitopes recognized by the lectin Dolichos bifluorus agglutinin (DBA). When SWR intestinal epithelial stem cells, or their immediate daughters, are mutated from Dlb1Ϫ͞Ϫ to Dlb1ϩ͞Ϫ, they, and all of their differentiating progeny, form a cluster or clone. The clones appear as rare but distinctive DBA-positive groups of cells within the DBA-negative, Dlb1Ϫ͞Ϫ SWR epithelium.
Three weeks after NEU treatment, Bjerknes and Cheng administered GLP-2 to SWR mice. Ten days later, they scored the size (number of cells) and cellular composition of DBAϩ clones scattered along the length of treated intestines. Animals that received NEU but not GLP-2 served as controls. GLP-2 increased the average size of DBAϩ clones composed only of enterocytes (called columnar clones because each originates from a C o progenitor with a mutated Dlb1 locus). The size of DBAϩ clones composed of both enterocytes and goblet cells (called stem cell clones because they originate from stem cells with a mutated Dlb1 locus) was also significantly increased. However, the increased size of stem cell clones was caused by an expansion of C o -derived enterocytes: the number of goblet cells in these clones was similar to the number in stem cell clones of control animals. Consistent with these findings, the average size of DBAϩ clones composed of goblet cells alone (mucous clones from mutated M o progenitors) was the same as in controls.
Having shown that GLP-2 specifically stimulates proliferation of C o progenitors, Bjerknes and Cheng go on to demonstrate that the GLP-2 receptor is expressed in a subset of enteric neurons and not in the crypt epithelium. The enteric nervous system (ENS) is a complex network of interacting neurons and supporting glial cells that regulates intestinal motility, blood flow, and secretion. ENS neurons are located in two distinct anatomic regions: the myenteric plexus and the submucosal plexus. Myenteric plexus neurons send most of their axonal projections to the muscle layers of the intestine. Submucosal plexus neurons send the majority of their projections to the subepithelial region, including the area surrounding crypts. an as yet unknown signal that stimulates C o enterocyte progenitors (Fig. 1B) .
These results provide us with an intriguing new paradigm for regulating epithelial growth that can be described in the following general terms. Two different cell lineages are derived from the same stem cell. A factor is produced by members of one lineage. (In this case, an important function of the enteroendocrine lineage is to sense the nutrient environment in the gut lumen). This factor is able to stimulate production of the second lineage. The function of the second lineage complements that of the first (enterocytes absorb nutrients). The two epithelial lineages are ''connected'' to one another through (enteric) neurons. It will be interesting to see whether a comparable apparatus functions in other renewing epithelia.
Other Niche Players
The microvasculature that surrounds the crypt has recently been identified as a new and influential player in the intestinal stem cell niche. The extensive denuding of intestinal epithelium that occurs after large doses of radiation for abdominal cancers is known as the GI syndrome. The syndrome has been attributed to apoptosis of the crypt's multipotent stem cell. However, a study just published by Paris and coworkers (7) challenges this belief. They used a mouse model to show that radiation first triggers rapid endothelial apoptosis, which later leads to epithelial death. Their conclusions are based on two key observations: loss of epithelial stem cells did not occur when endothelial apoptosis was blocked by giving basic fibroblast growth factor (an endothelial survival factor) or if the mice were homozygous for a null allele of asmase. This gene encodes the acid sphingomyelinase required to produce a critical ceramide intermediate in the endothelial apoptotic pathway.
In addition to being in close contact with enteric neurons and blood vessels, adult crypts are surrounded by a layer of specialized mesenchymal cells known as pericryptal fibroblasts (or subepithelial myofibroblasts). Tritiated thymidine labeling studies have indicated that like their overlying epithelial cells pericryptal fibroblasts continuously migrate upward from the crypt base (8) . This puts them in strategic position to establish and maintain instructive communications with stem cells and their descendants.
There is already a large body of genetic evidence that mesenchymal epithelial cross-talk is critical for proper gut development. Participants include plateletderived growth factor (PDGF) A and its receptor, PDGF-R␣ (required for formation of villi; ref. 9), the winged helix transcription factor Fkh6 (10), the homeodomain transcription factor Nkx2-3 (11), as well as Hox and ParaHox cluster genes (12), Sonic hedgehog, and bone morphogenetic proteins (13) . The role pericryptal fibroblasts play in maintaining the stem niche in fully formed adult crypts remains unclear: are they participants in a critical mesenchymal-epithelial dialogue, and if so what are the mediators? Very little is known about the repertoire of genes expressed in pericryptal fibroblasts. The time is ripe for a pericryptal fibroblast genome anatomy project where these cells are retrieved from their native environment without significant perturbation (e.g., by laser capture microdissection; ref. 14) , and their mRNA transcripts are profiled. The results would be a first step toward determining their impact on gut stem cell biology.
Intraepithelial lymphocytes (IELs) and microbes may be additional modulators. The IEL population of the gut is equivalent in size to the entire population of peripheral lymphocytes residing in the spleen. Genetically engineered T cell receptor (TCR) ␦ subunit-deficient mice that lack crypt ␥␦ TCRϩ IELs have reduced epithelial proliferation (15) . The intestine is home to a diverse collection of indigenous microbes known as the microbiota. Comparisons of rodents with and without a microbiota (i.e., germ-free versus conventionally raised) indicate that components of this microbial society affect proliferative status in the crypt, expression of epithelial-based members of the angiogenin family factors, as well as enteric nervous system activity (16, 17) .
What We Know About the Properties of Crypt Stem Cells
Alas, there is scant information about the molecular features of the multipotent crypt cell itself, or the factors that regulate specification of its descendant lineages. A recent study of Hes1 knockout mice indicated that, as in other systems, Notch signaling is an important contributor to lineage specification (18) . Transcriptional activation of Hes1, a mammalian homolog of Drosophila Hairy and Enhancer of split genes, occurs immediately downstream of Notch. Hes1 encodes a basic helix-loophelix (bHLH) transcriptional repressor that opposes the activity of various bHLH transcriptional activators. In the sensory epithelium of the inner ear, Hes1 negatively regulates hair cell differentiation from progenitors by antagonizing Math1, the mouse homolog of the Drosophila Atonal gene (19) . Hes1 is also required for repressing expansion of neuronal precursors during neurogenesis (20) . Targeted disruption of the Hes1 gene increases enteroendocrine and goblet cells and reduces enterocytes in the fetal mouse intestine (18) , suggesting that Hes1 normally functions to negatively regulate specification of enteroendocrine͞goblet cell lineages and to positively regulate specification of enterocytes.
There is a critical need for convenient biological assays that allow intestinal stem cells to be identified based on their ability to give rise to descendant lineages ex vivo. Without such clonigenic assays, characterization of the cellular and molecular factors required to sustain growth or survival of stem cells, or to generate descendant lineages, will continue to be a slow and haphazard process. Thus, it is encouraging to read reports such as the one by Whitehead et al. (21) describing a technique for establishing in vitro growth of undifferentiated epithelial cells from disaggregated normal human and mouse colonic crypts.
These days it may not be necessary to take gut stem cells out of their niche before gaining insights about their expressed genes. An alternative is to ''purify'' an expression profile in silico. For example, in the mouse stomach, lineage tracing studies using tritiated thymidine have identified a presumptive multipotent stem cell and its immediate committed daughters (22) . We have used DNA microarrays to profile gene expression in (i) normal adult mouse stomachs where these presumptive stem cells and committed lineage progenitors represent a small fraction of the total epithelial population, (ii) embryonic day 18.5 stomachs where stem cells and committed progenitors predominate, and (iii) stomachs from adult transgenic mice where an engineered ablation of acid-producing parietal cells results in a marked amplification of the stem cells and lineage progenitors (23) . We first generated a list of mRNAs enriched in both parietal cell-ablated and embryonic day 18.5 stomachs (i.e., increased in ii and iii relative to i). This list was then cross-indexed to the publicly available hematopoietic stem cell database (http:͞͞stemcell.princeton.edu͞; ref. 24) , producing several dozen likely candidates for preferential expression in gastric stem cells (unpublished work).
One application of this in silico "profile surfing" approach is to identify candidate cell surface markers that might be used to retrieve rare stem cells from complex cellular populations. These comparisons can also be extended as more and more searchable datasets of genes expressed in defined cellular populations are deposited in the public domain. For example, C-GAP (Cancer Genome Anatomy Project; http:͞͞cgap.nci.nih.gov͞) collects libraries of expressed sequence tags from normal and neoplastic tissues and provides software tools that investigators can use to generate customized datasets of genes preferentially expressed in gastrointestinal cancers versus normal tissues. These lists can then be compared with lists of genes preferentially expressed in normal gut epithelial progenitors.
The study of Bjerknes and Cheng (3) emphasizes the importance of obtaining a broad cellular and molecular view of the intestinal stem cell neighborhood. One way of achieving this goal will be to mobilize stakeholders in this scientific community to profile gene expression in cellular members of the niche. Generating well-annotated and searchable databases from these studies would set the stage for subsequent bioinformatic exercises. The results should provide us with a new understanding of neighborhood resources and testable hypotheses about the rules that govern interactions among neighbors.
